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Aims: The goal of the current study was to evaluate the impact of maternal sodium intake during gestation on
the systemic and renal renin–angiotensin–aldosterone-system (RAAS) of the adult offspring.
Main methods: Female Wistar rats were fed high- (HSD-8.0% NaCl) or normal-sodium diets (NSD-1.3% NaCl)
from 8 weeks of age until the delivery of their ﬁrst litter. After birth, the offspring received NSD. Tail-cuff
blood pressure (TcBP) was measured in the offspring between 6 and 12 weeks of age. At 12 weeks of age,
the offspringwere subjected to either oneweek of HSD or low sodium diet (LSD-0.16% NaCl) feeding to evaluate
RAAS responsiveness or to acute saline overload to examine sodium excretory function. Plasma (PRA) and renal
renin content (RRC), serum aldosterone (ALDO) levels, and renal cortical andmedullary reninmRNA expression
levels were evaluated at the end of the study.
Key ﬁndings: TcBP was higher among dams fed HSD, but no TcBP differenceswere observed among the offspring.
Male offspring, however, exhibited increased TcBP after oneweekofHSD feeding, and this effectwas independent of
maternal diet. Increased RAAS responsiveness to the HSD and LSDwas also observed inmale offspring. The baseline
levels of PRA, ALDO, and cortical and medullary renin gene expression were lower but the RRC levels were higher
among HSD-fed male offspring (HSDoff). Conversely, female HSDoff showed reduced sodium excretion 4 h
after saline overload compared with female NSDoff.
Signiﬁcance: High maternal sodium intake is associated with gender-speciﬁc changes in RAAS responsiveness
among adult offspring.© 2012 Elsevier Inc. Open access under the Elsevier OA license.Introduction
In the 1980s, Barker et al. reported an association between low birth
weight and the prevalence of cardiovascular diseases in adult life
(Barker and Osmond, 1986) and hypothesized that fetal programming
(adaptations to overcome challenges faced during fetal and perinatal
life) may increase susceptibility to the development of diseases in
adulthood. It is known that maternal diet during the perinatal period
plays an important role in programming hypertension in the adult
life of the offspring (Vehaskari andWoods, 2005), as nutrient restriction
(Vikers et al., 2000) or the selective restriction of dietary proteins
(Bédard et al., 2005) during the perinatal period has been shown to
lead to the development of hypertension in adult offspring. However,
additional factors, such as iron deﬁciency (Woods et al., 2001), wateredicine, Nephrology Division,
of São Paulo School of Medicine,
6-903, Brazil. Tel.:+55 11 3061
vier OA license.deprivation (Lisle et al., 2003), high fat intake, and high sodium intake
(Ross et al., 2005; Khan et al., 2003), present during the perinatal period
have also been associated with the development of hypertension in
adult offspring.
There is an ongoing worldwide obesity epidemic (Raj and Kumar,
2010; Kotsis et al., 2010; Roche et al., 2005) that is characterized by the
consumption of not only larger amounts of calories but also increased
levels of sodium. Due to the strong association between sodium con-
sumption and the incidence of hypertension in adults and children
(Saraﬁdis, 2011; Mohan and Campbell, 2009; Feber and Ahmed, 2010),
an improved understanding of the effects of maternal sodium consump-
tion on the cardiovascular system of the offspring is warranted.
Previous studies, including those from our group, have evaluated
the effects of dietary sodium intake during the gestational and lactation
periods on the offspring later in life. Contreras et al. (2000) observed
higher blood pressure (BP) among the adult offspring of Sprague–Dawley
dams that were fed a high-sodium diet prior to pregnancy and until the
offspring were 5 weeks old, at which point they were switched to a
normal-sodium diet. Our previous study also found that feeding a
high-sodium diet to female Wistar rats, beginning at 3 weeks of age and
continuing until their ﬁrst litter had been weaned, resulted in increased
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system (RAAS) in the offspring (da Silva et al., 2003). Moreover, we ob-
served decreased levels of angiotensin I and II and increased angiotensin
receptor type 1 (AT1) gene expression in the placentas of pregnant rats
fed a high-sodium diet (Leandro et al., 2008). These results are also in
agreementwith those of Ding et al. (2010) that demonstrated decreased
plasma angiotensin II levels in mothers and their fetuses when the
mothers were exposed to high-sodium diets during gestational days
3–21.
Although many studies have observed alterations in the cardiovas-
cular systems of offspring from dams fed high-sodium diets, such as
high BP, these ﬁndings have not been consistently reported. For in-
stance, the study by Porter et al. (2007) did not observe increased
BP among the offspring of mothers fed a high-sodium diet during
pregnancy. However, these authors did observe enhanced BP and
heart rate (HR) sensitivity following an acute pressor stimulus in
the female offspring. Collectively, these observations suggest that
the effects of maternal sodium intake on the cardiovascular systems
of offspring may be inﬂuenced by gender. Therefore, the following
factors may contribute to the different and often conﬂicting results
regarding the effects of sodium intake during perinatal life on the
cardiovascular system of the offspring: 1) the amount of sodium in
the diet; 2) the duration of speciﬁc dietary exposure; and 3) the gender
of the offspring. In the present study, we examined the impact of high
maternal sodium intake, which was conﬁned to a few weeks before
mating until the delivery of the ﬁrst litter, on BP regulation and compo-
nents of the RAAS system in themale and female offspring. This approach
effectively excluded the effects of highmaternal sodium intake during the
lactation period.
Materials and methods
All experiments were approved by the Committee on Ethics of the
School of Medicine at the University of São Paulo, Brazil.
Animals
Maternal groups
Female Wistar rats were fed a normal- (NSD, n=15) or high-
sodium diet (HSD, n=16) beginning at 8 weeks of age and continu-
ing until the delivery of their ﬁrst litter. We opted to initiate the
high sodium 4 weeks prior to mating to acclimate the animals to
the taste of the diet to avoid potential over- or under-feeding during
the ﬁrst weeks of gestation. The animals were housed in a room with
controlled temperature and a 12-hour light/dark cycle and were
given free access to food and water. At 12 weeks of age, the females
were mated with male Wistar rats that had been fed NSD. On the
day of delivery, the maternal diet was switched from the HSD to the
NSD, which was maintained until the conclusion of the experiments.
Maternal bodyweightwasmeasuredweekly, and tail-cuff bloodpressure
(TcBP) was measured before, during and after delivery. TcBP was not
measured during the week of the delivery to avoid unnecessary stress
to the animals.
Offspring groups
Just after birth, the litter number and the individual weight of each
newborn pup were recorded. Then, litter size was reduced to only 4
females and 4 males whenever possible. Newborn pups with body
weights between the 25th and 75th percentiles were selected to
maintain a more homogeneous pool of animals in each group. After
birth, the offspring of both groups were fed only NSD. Body weight
was measured weekly, and TcBP was determined biweekly between
6 and 12 weeks of age when the animals were submitted to renal so-
dium excretion tests and RAAS stimulation and suppression tests. The
offspring from mothers administered NSD were termed NSDoff,
whereas those from mothers administered HSD were termed HSDoff.Notably, no more than one or two rats per mother were used for each
experiment to ensure that the data obtained from these experiments
were representative of at least 4 to 5 different mothers.
Diets
All diets were purchased from Harlan Teklad (Madison, WI, USA)
and contained 25% protein. The normal sodium diet (NSD, TD 92140)
contained 0.50% Na+, whereas the high-sodium diet (HSD, TD 92142)
and the low-sodium diet (LSD, TD 92141) contained 3.12% and 0.06%
Na+, respectively. These dietary concentrations of Na+ correspond to
1.3%, 8.0% and 0.16% NaCl.
Acute saline overload test
In a different set of animals, saline overload was induced to exam-
ine renal sodium excretion following acute sodium load. Brieﬂy, at
12 weeks of age, male and female rats from the NSDoff and HSDoff
groups were placed in metabolic cages without food or water. After
2 h of adaptation, the rats were gently anesthetized with 2% xylazine,
and their bladders were emptied by carefully applying pressure to the
lower portion of the abdomen. Immediately after the bladder was
emptied, saline overload was induced by gavage (0.15 M NaCl per
1% body weight), and the animals were placed back in the metabolic
cages to regain consciousness. Cumulative urinary volume and Na+
excretion were measured 2, 4, and 6 h after the oral saline bolus.
The electrolyte concentration of the urine was measured by ﬂame
photometry (model FC 280, CELM, Sao Paulo, Brazil).
Tail-cuff blood pressure (TcBP)
TcBP measurements were performed in conscious animals using
the Kent RTBP2000 system and the Kent RTB001-R data acquisition
system (Kent Scientiﬁc Corporation, Torrington, CT, USA). All animals
had been acclimated to the use of this method via shammeasurements
that were collected every 3 days for the 7 to 10 days prior to the actual
TcBP measurements. To estimate the sample size required, we
used a TcBP difference of 4 mm Hg and a standard deviation of
3 mm Hg between NSDoff and HSDoff animals (based on previous
studies), and a risk β value≤0.20 and a risk α value≤0.05 were used
to calculate a power sample of 80%. Based on these calculations, a total
of 10 animals were used and distributed between groups.
RAAS stimulation and suppression test
The test was performed by substituting the regular NSD with a
low- (LSD) or high-sodium diet (HSD) for 7 days to examine RAAS
stimulation and suppression, respectively, in female and male off-
spring from the NSDoff and HSDoff groups. On the ﬁnal day of each
diet, the animals were euthanized, and the plasma renin activity
(PRA), renal renin content (RRC), plasma sodium concentration, he-
matocrit levels, and renin mRNA expression levels in the renal cortex
and renal medulla were measured.
Renal renin content (RRC)
RRC determination was performed according to the method de-
scribed by Giammattei et al. (1999). Brieﬂy, 50 mg of renal cortex tissue
was added to 1 mL of cold saline solution. The tissue was homogenized
using a disperser instrument (Ultra-Turrax T25, IKAWorks do Brasil, Rio
de Janeiro, Brazil) and centrifuged at 1100 g for 10 min at 4 °C. The
supernatant was diluted with buffer containing 10 mM disodium
EDTA, 5 mM dimercaprol, and 3.5 mM 8-hydroxyquinoline (pH 7.4),
and the ﬁnal concentration of tissue was 0.5 mg/mL. Renin content
was assessed by incubating the sample homogenate with an excess of
angiotensinogen obtained from rats 48 h after bilateral nephrectomy.
For the assay, 40 μL of the tissue samplewas added to 200 μL of renin sub-
strate (plasma fromnephrectomized rats), and this was incubated for 2 h
at 37 °C at pH 7.4. The generation of angiotensinogen I (AngI), which rep-
resents renin content, was measured using a radioimmunoassay kit
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Fig. 1. Body weight (A) and tail-cuff blood pressure (B) of female rats fed high- (HSD)
or normal-sodium diets (NSD) from 8 weeks of age until the day of delivery of their
ﬁrst litter; *pb0.05 vs. NSD (two-way ANOVA followed by Bonferroni post-hoc test).
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AngI generated per milligram of tissue per hour.
Cortex and medullary renin mRNA expression
Total RNA was extracted from 50 mg of cortex or medulla tissue
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer's instructions. Total RNA pellets were resuspended
in 100 μL of diethyl pyrocarbonate water and were stored at −80 °C
until further use. The total RNA concentration was determined bymea-
suring the absorbance at 260 nm and 280 nm; the integrity of these
measurements was veriﬁed by ethidium bromide ﬂuorescence. Using
the reverse transcriptase enzyme method, cDNA was synthesized
from 1 μg of total RNA using an oligo dT primer (Promega, Madison,
WI, USA) and the ImProm II reverse transcriptase enzyme (Promega,
Madison, WI, USA).
A polymerase chain reaction (PCR) was performed to amplify cDNAs
speciﬁc for the following components: renin (sense 5′-CATTACCAGGG-
CAACTTTCAC-3′, antisense 5′-TCATCGTTCCTGAAGGAATTC-3′) and
β-actin (sense 5′-TATGCCAACACAGTGCTGTCTGG, antisense 5′-TACTC-
CTGCTTGCTGATCCACAT-3′). The PCR was performed by mixing 1 μL of
cDNA with 2.5 μL of 10× buffer (100 mM Tris–HCl, pH 8.5, and 500 mM
potassium chloride), 0.5 μL of 10 mM deoxynucleoside triphosphate
mix, 0.75 μL of 50 mM magnesium chloride, 15 pM of each primer, 2 IU
of Taq DNA polymerase (Labtrade do Brasil Ltda, São Paulo, Brazil), and
diethyl pyrocarbonate water to a total volume of 25 μL. The cDNAs wereTable 1
Maternal and pup characteristics at the time of birth for mothers fed normal- (NSD) or hig
Maternal
diet
Number of pregnant rats Litter size Number of live-born pups Litter w
NSD 15 13±1 198 88.4±5
HSD 16 13±1 211 96.0±6
⁎ pb0.05 vs. NSD (Student's t test). Data are expressed as the means±S.E.M.ampliﬁed under the following conditions: 94.0 °C for 3 min; 94 °C for
1 min; 51.5 °C (for renin) or 57.8 °C (for β-actin) for 1 min; 72.0 °C for
1 min (35 cycles); and 72.0 °C for 10 min. Negative controls were
created by omitting the cDNA from the PCR mix. The PCR products
were submitted to electrophoresis on 2.0% agarose gels with ethidium
bromide. The bands were semi-quantiﬁed using image analysis software
(Alpha Imager™ 1220 version 5.5; Alpha Innotech Corporation, San
Leandro, CA, USA). All PCR products resulted in a single band of the pre-
dicted size, according to the 100 bp DNA ladder (Invitrogen, Carlsbad,
CA, USA). The results are expressed as index density values (IDV), and
β-actin expressionwas used as a control to ensure that an equal amount
of cDNA was used in each sample.
Analytical measurements
Plasma renin activity (PRA) was determined using a radioimmuno-
assay kit (code CA-1533, Diasorin, Stillwater, Minnesota 55082-0285,
USA), and serum aldosterone levelswere also determined using a radio-
immunoassay kit (code 8600, DSL, Texas, USA).
Statistical analyses
The data are expressed as themean±S.E.M. A one-way ANOVAwas
used to compare changes within the same group, whereas a two-way
ANOVA with Bonferroni post-hoc analysis was used to analyze the in-
teractions between time (e.g., age of the animals, stage of pregnancy,
and hours post-acute saline overload) and treatment (e.g., maternal
diet). Student's t test was used for comparisons between the two
groups, and statistical signiﬁcance was assumed for pb0.05. Statistical
analyses were performed using Graph Pad 4.0 for Windows (Graph
Pad Software, San Diego, CA, USA).
Results
Maternal body weight and blood pressure
Maternal body weight was not inﬂuenced by sodium intake
(Fig. 1A). Conversely, high sodium intakewas associatedwith increased
TcBP (pb0.05) prior to pregnancy, and this difference persisted
throughout gestation but was much less pronounced after delivery
(Fig. 1B).
Pup characteristics
No signiﬁcant differences were observed in regards to litter size,
number of live-born pups, litter weight, or the male-to-female ratio
(Table 1). However, the HSDoff males weighed less at birth (pb0.05)
than the NSDoff males, whereas no differences were observed in
females (Table 1).
Offspring body weight and blood pressure from weaning until adulthood
We found no differences in body weight between HSDoff offspring
and NSDoff offspring from the time of weaning (3 weeks of age) until
12 weeks of age (Fig. 2). As expected, male rats from both groups
were heavier than females. Additionally, the TcBP measurements
recorded between 6 and 12 weeks of age did not differ between
NSDoff and HSDoff offspring of either gender (Fig. 3).h-sodium diets (HSD).
eight (g) Weight at birth males (g) Weight at birth females (g) Male/female
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Fig. 2. Body weight curves of female (A) and male (B) offspring whose mothers were fed normal- (NSDoff) or high-sodium diets (HSDoff). Each group was composed of offspring
from at least eight different dams. Data are expressed as the means±S.E.M. (two-way ANOVA).
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The urinary sodium excretion rates, as measured following an acute
oral overloadwith saline, did not differ between the HSDoff and NSDoff
males (Fig. 4B). However, the female HSDoff pups demonstrated re-
duced (pb0.05) sodium excretion 4 h after the oral saline overload
compared to the female NSDoff pups (Fig. 4A).
Offspring blood pressure, plasma sodiumconcentration andhematocrit levels
under basal conditions and following RAAS stimulation and suppression
The plasma sodium concentrations and hematocrit levels did not
differ between groups under normal conditions (Table 2). However,
following RAAS stimulation after one week on the LSD, reduced plasma
sodium concentrations and hematocrit levels were observed in male
NSDoff pups (Table 2). No major changes were observed in male or
female HSDoff pups following RAAS stimulation. Conversely, when
animals were fed a HSD for one week prior to the RAAS inhibition
test, the BP of the male NSDoff and HSDoff pups exhibited greater
sensitivity to elevated sodium intake (Table 2). No changes were ob-
served for hematocrit or plasma sodium concentrations following
RAAS inhibition.
Plasma renin activity (PRA) under basal conditions and following RAAS
stimulation and suppression
Baseline PRA levelswere similar betweenHSDoff andNSDoff females,
and the PRA level did not change following LSD or HSD challenge
(Fig. 5A). In contrast, baseline PRA levels were lower in male HSDoff
pups, and this group also showed enhanced sensitivity to the stimulation
and suppression of PRA during the LSD and HSD tests, respectively,
compared to male NSDoff pups (Fig. 5B).5 6 7 8 9 10 11 12 13
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Fig. 3. Tail-cuff bloodpressuremeasurements collected between6 and 12 weeks of age from fem
diets (HSDoff). Each group was composed of offspring from at least eight different dams. DataRenal renin content (RRC) under basal conditions and following RAAS
stimulation and suppression
The basal RRC values did not differ between female NSDoff pups and
female HSDoff pups and also did not change following RASS stimulation
or suppression (Fig. 6A). However, the RRC was greater in male HSDoff
pups than in male NSDoff pups (Fig. 6B) under basal conditions. In
addition, the RRC increased following RASS stimulation and decreased
following RAAS inhibition among males of both offspring groups, al-
though these changes were more pronounced in the HSDoff group
(Fig. 6B).
ReninmRNA expression in the renal medulla and cortex under basal condi-
tions and following RAAS stimulation and suppression
No differences in renin mRNA expression were observed in the
renal cortex or medulla between females of both groups at baseline
(Table 3). Following RAAS stimulation, however, cortical renin
mRNA expression was greater in female HSDoff pups than in female
NSDoff pups (Table 3), although nodifferenceswere observed following
RAAS inhibition.
At baseline, reninmRNA expressionwas lower in HSDoff males than
in NSDoff males in both the renal cortex and renal medulla (Table 3).
However, no changes were observed after one week of LSD or HSD
feeding.
Serumaldosterone (ALDO) levels at baseline and following RAAS stimulation
and suppression
In females, the ALDO levels were similar for both groups at baseline
and following one week of LSD or HSD feeding (Fig. 7A). In males, how-
ever, the ALDO levels at baseline were lower among HSDoff pups than5 6 7 8 9 10 11 12 13
100
105
110
115
120
125
130
offNSD-M (n=36)
offHSD-M (n=35)
B
Age (weeks)
Male
ale (A) andmale (B) offspringwhosemotherswere fed normal- (NSDoff) or high-sodium
are expressed as the means±S.E.M. (two-way ANOVA).
0 2 4 6 8
0.0
0.1
0.2
0.3
0.4
0.5
offNSD-M (n=36)
offHSD-M (n=35)
Time (hours)
B Male
0 2 4 6 8
0.0
0.1
0.2
0.3
0.4
0.5
offNSD-F (n=26)
offHSD-F (n=33)*
Time (hours)
Cu
m
ul
at
iv
e 
ur
in
ar
y
N
a+
 e
xc
re
tio
n 
(m
mo
l) A Female
Fig. 4. Cumulative urinary sodium excretion following an acute oral saline overload in female (A) and male (B) offspring whose mothers were fed normal- (NSDoff) or high-sodium
diets (HSDoff). Each group was composed of offspring from at least eight different dams. Data are expressed as the means±S.E.M; *pb0.05 vs. NSDoff-F (two-way ANOVA followed
by Bonferroni post-hoc test).
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following RAAS stimulation or inhibition.
Discussion
The main ﬁnding of the present study was that maternal ingestion
of a high-sodium diet modiﬁes both the systemic and local renal RAAS
in male offspring, as these animals demonstrated reduced systemic
PRA and ALDO levels and increased RRC as compared to male NSDoff
controls. However, despite these alterations in the RAAS, male HSDoff
animals exhibited normal RAAS modulation when challenged with
low-sodium or high-sodium diets for one week.
In support of our ﬁndings, previous studies have shown that the
renal and placental RAAS may play an important role in gender differ-
ences related to hypertension programming. For example, male rat
offspring of mothers exposed to corticosterone during pregnancy
exhibited increased renal AT1a andAT1b receptor expression at postnatal
day 30, whereas only AT1b expression was increased in female offspring
(Singh et al., 2007). Additionally, increased expression of the AT1 recep-
tor in the kidney at 6 months of age was observed inmale but not female
offspring in a rat model of uteroplacental insufﬁciency (Wlodek et al.,
2007). Other studies have also demonstrated signiﬁcantly lower levels
of renal AT2 receptor gene expression in the female but not male
offspring of dams administered a low-protein diet (Langley-Evans et
al., 2003;McMullen and Langley-Evans, 2005). Although previous studies
have examined the expression of several RAAS components in the
kidneys, most of these studies have pooled data from both sexes for
the analyses (Gilbert et al., 2007; Grigore et al., 2007; da Silva et al.,Table 2
Tail-cuff blood pressure (TcBP), plasma sodium (Na+) concentration and hematocrit (Ht) v
(RAAS-I) of female and male offspring whose mothers were fed normal- (NSDoff) or high-
Parameters Female
NSDoff HSDoff
TcBP (mm Hg)
Baseline 115±3(n=8) 111±3(n
RAAS-S 107±3(n=8) 116±2(n
RAAS-I 129±6(n=8) 120±4(n
Plasma Na+ (mEq/L)
Baseline 139±1(n=7) 140±1(n
RAAS-S 139±1(n=7) 140±1(n
RAAS-I 142±1(n=7) 142±1(n
Ht (%)
Baseline 44±0.3(n=7) 47±2(n
RAAS-S 44±1(n=7) 44±0.5(
RAAS-I 45±0.3(n=7) 46±2(n
Data are expressed as the means±S.E.M. The groups were composed of at least six differen
a pb0.05 vs. baseline of male NSDoff.
b pb0.05 vs. baseline of male HSDoff.
& pb0.05 vs. male HSDoff on RAAS-S (one-way ANOVA).2003). Thus, in the present study, we sought to examine whether the
effects of maternal dietary sodium ingestion, beginning 4 weeks prior
to mating and lasting until the day of delivery, on renal RAAS compo-
nents in adult offspring are gender-speciﬁc. We observed lower renin
expression in adult male offspring, as compared to female offspring,
when mothers were fed a high-sodium diet, and we also observed an
exacerbated response to low- or high-sodium diet challenges in the
male offspring only.
Leandro et al. (2008) reported low plasma renin activity in pregnant
Wistar rats fed a high-sodium diet, which suggests that the fetusesmay
have been exposed to a low-renin environment during fetal life. Be-
cause we found lower plasma renin activity and gene expression in
adult male offspring of mothers fed a high-sodium diet, this may repre-
sent an “adaptation” to the fetal environment based on the “predictive
adaptive response” described by Well (2007). However, additional
studies are needed to further evaluate this possibility.
The exacerbated renal renin levels observed in male HSD-fed off-
spring compared with those in NSD-fed offspring during RAAS stimula-
tion and suppression support the notion that the RAAS of the male
offspring of mothers fed a high-sodium diet can be adapted to be more
sensitive to changes in sodium consumption. Studies using other models
of prenatal programming of hypertension have also shown that offspring
reared under these conditions become more responsive to various
stimuli, including acute restraint (Porter et al., 2007). It has also
been shown that male offspring from mothers subjected to low-
protein diets during pregnancy do not become hypertensive during
young adulthood, although their blood pressure becomes salt-sensitive
and more responsive to restraint stress (Augustyniak et al., 2010). Ouralues at baseline and following one week of RAAS stimulation (RAAS-S) or inhibition
sodium diets (HSDoff).
Male
NSDoff HSDoff
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Fig. 6. Renal renin content (RRC) at baseline and following oneweek of RAAS stimulation or inhibition in female (A) andmale (B) offspring whosemotherswere fed normal- (NSDoff) or
high-sodium diets (HSDoff); *pb0.05 (one-way ANOVA). Each group was composed of offspring from at least six different dams. Data are expressed as the means±S.E.M.
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male HSDoff offspringmay have a beneﬁcial effect andmay help explain
why we observed similar BP increases in HSDoff males compared to
those in NSDoff males during RAAS inhibition despite different degrees
of RAAS modulation. Thus, one may speculate that the increased sup-
pression of PRA and RRC in HSDoff males provides a protective effect,
which buffers further increases in BP during exposure to high-sodium
diets. Moreover, HSDoff males did not become hypertensive in adult
life; this ﬁndingwas likely mediated by lower RAAS activation observed
at baseline conditions. Reduced RAAS activitymay also have contributed
to the appropriate level of sodium excretion observed following the
acute saline overload test. Therefore, each of these modiﬁcations may
serve as adaptive mechanisms to maintain blood pressure at normal
levels in HSDoff males (Chamarthi et al., 2010; da Silva et al., 2003).
The higher renal renin content observed in HSDoff males under
normal conditions may be explained by the differential control of theTable 3
Renin mRNA gene expression levels (renin/β-actin) in the renal cortex and medulla at bas
female and male offspring whose mothers were fed normal- (NSDoff) or high-sodium diets
Groups Female
NSDoff HSDoff
Renal medulla
Baseline 0.7±0.1(n=8) 0.8±0.1(n=
RAAS-S 0.8±0.1(n=8) 0.8±0.1(n=
RAAS-I 0.7±0.1(n=8) 0.8±0.1(n=
Renal cortex
Baseline 1.3±0.2(n=8) 1.2±0.4(n=
RAAS-S 1.0±0.05(n=8) 1.2±0.1(n=
RAAS-I 1.0±0.05(n=8) 1.1±0.1(n=
Data are expressed as the means±S.E.M. The groups were composed of at least six differen
#pb0.05 vs. female NSDoff on RAAS-S.
⁎ pb0.05 vs. baseline of male NSDoff (one-way ANOVA).local (Paul et al., 2006) and systemic RAAS (Castrop et al., 2010). In a
previous study, we demonstrated higher AngII levels in the kidneys of
offspring from mothers fed a high-sodium diet during gestation
and lactation (da Silva et al., 2003). In the present study, we observed
lower renal renin mRNA expression but increased renal renin levels.
Similarly, the study by Koleganova et al. (2011) attributed the increase
in renal renin activity to transplacental modulation of the RAAS by
maternal dietary salt intake and potential (partial) escape from the
salt overload during nursing. Postnatal activation of the RAAS may
account for the acceleratedmaturation of immature glomeruli in animals
with high maternal levels of sodium intake, as indicated by the reduced
number of glomeruli in this group. Therefore, these data suggest
that local RAAS activation may be necessary to ensure appropriate
development of the kidneys for efﬁciently handling sodium excre-
tion and maintaining normal blood pressure (Kobori et al., 2007).
Our results also suggest that the systemic RAAS may be differentiallyeline and following one week of RAAS stimulation (RAAS-S) or inhibition (RAAS-I) in
(HSDoff).
Male
NSDoff HSDoff
8) 0.9±0.1(n=8) 0.6±0.1(n=8)⁎
8) 0.8±0.05(n=8) 0.7±0.1(n=8)
8) 0.7±0.04(n=8) 0.7±0.1(n=8)
8) 1.5±0.2(n=8) 1.0±0.1(n=8)⁎
8)# 1.0±0.1(n=8) 1.0±0.1(n=8)
8) 1.0±0.1(n=8) 1.3±0.1(n=8)
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Fig. 7. Plasma aldosterone levels at baseline and following oneweek of RAAS stimulation or inhibition in female (A) andmale (B) offspringwhose mothers were fed normal- (NSDoff) or
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791D.R. Ramos et al. / Life Sciences 90 (2012) 785–792regulated in comparison to the local RAAS. The fact thatwedid not ob-
serve major alterations in the RAAS or the regulation of BP among fe-
male offspring indicates that female gender may be protective against
the effects of maternal sodium intake that do not require adaptation
of the RAAS. Moreover, estrogen may play a role in protecting female
offspring, as a study on growth-restricted offspring showed that estro-
gen replacement or RAAS blockade reversed the effects of ovariectomy
on blood pressure (Ojeda et al., 2007). In another study, it was observed
that estrogen may control the balance between ACE (vasopressor
effect) and ACE-2 (depressor effect) in a transgenic DBA/Ren-2d rat
model where males become severely hypertensive but females remain
less hypertensive compared to age-matched males (Brosnihan et al.,
1997). Moreover, ovariectomy has been shown to have no effect on
the expression of renal ACE2 mRNA in normotensive adult females, al-
though this procedure decreases the ACE2 expression in female
growth-restricted offspring (Ojeda et al., 2007). The role of estrogen
in protecting the cardiovascular systems of offspring from mothers fed
a high-sodium diet, however, remains unclear and warrants further
investigation.
The lower plasma aldosterone levels observed in male HSDoff off-
spring under normal conditions were expected because AngII is known
to be a major regulator of aldosterone production (Moritz et al., 2010).
This observation also supports the notion that beneﬁcial adaptive
changes in the RAAS can help maintain normal BP in the offspring of
mothers fed a high-sodium diet.
In conclusion, high-sodium intake during pregnancy programs the
RAAS of male offspring to be more responsive to changes in sodium in-
take,which appears to confer protection against exacerbated changes in
BP. However, whether this response is preserved or can be transmitted
to future generations remains to be studied.
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